the strain ThD2_0284_90 was the minor parent. The recombination site was determined to localize between positions 7967 ( 8 36 nt) and 8283 ( 8 36 nt) with a significance level of p ! 0.001. Our results showed, for the first time, that an intraserotype recombination event occurred between DENV-2 strains in the nonstructural gene region; by contrast, an interserotype recombination between different serotypes of dengue strains was not identified. This study thus supports the theory that homologous recombination plays a key role in dengue virus evolution.
Introduction
Dengue virus is transmitted by mosquitoes (Aedes aegypti) and causes severe diseases that have become a major international public health concern [1] [2] [3] [4] . Dengue virus can cause various symptoms ranging from mild dengue fever to severe syndromes such as dengue hemorrhagic fever (DHF) and dengue shock syndrome (DSS) [5] [6] [7] . Both DHF and DSS can potentially lead to lethal complications; in several Asian countries, these syndromes result in childhood mortality. Due to increased airplane travel and failure to control the A. aegypti popu-lations, nearly 40% of the world's population is now at risk for DHF/DSS. Although an estimated 50 million dengue infections and 500,000 DHF cases occur annually [2] , currently no known chemotherapy regimen nor an effective vaccine exists for treatment of dengue infections.
Dengue viruses are grouped into 4 serotypes, DENV-1 to DENV-4, and are members of the Flaviviridae family. The viral genome of this family consists of a linear, single-stranded RNA of positive polarity and about 11 kb long and encodes a single polyprotein precursor whose maturation yields 3 structural proteins, core (C), precursor to membrane (prM) and envelope (E), as well as 7 nonstructural proteins, NS1, NS2A, NS2B, NS3, NS4A, NS4B and NS5 ( fig. 1 ). The molecular mechanisms underlying the pathogenesis of severe DHF/DSS are not clear; however, almost all DHF/DSS patients have had a previous infection with at least 1 of the 4 serotypes of dengue virus [6, 8] . It has therefore been hypothesized that viral replication is enhanced due to the presence of nonneutralizing antibodies that are residual from an earlier dengue infection [9] [10] [11] . A heterologous immunity model for secondary dengue virus infections has also been suggested to explain the plasma leakage resulting from cytokine production and cytolysis by dengue-specific T lymphocytes [10] . Nevertheless, the alternative assumption that differences in virulence between viral strains contribute to DHF has persisted as well. However, previous studies in Peru [8] and Sri Lanka [12] have shown that the secondary infection is not related to severe DHF, which is likely associated with specific viral genotypes. It is therefore imperative to perform genomic analyses of different virulent dengue strains isolated from patients in every epidemic area. Dengue viruses are known to undergo rapid genetic change [13, 14] . Previous phylogenetic analyses have identified possible sites of homologous recombination in the structural gene region within each of the 4 dengue virus serotypes ( fig. 1 ) [4, 15] . These results suggest that RNA homologous recombination plays a role in dengue viral evolution. However, it is still not known whether recombination could occur in nonstructural gene regions, which are less conserved (68.2%) compared to the structural genes (72.8%) in dengue viruses. Moreover, previous studies have focused mostly on single gene regions, such as those encoding envelope proteins, due to their antigenic importance. Because a large number of complete genome sequences are now available, it has become possible to identify recombination events in structural and nonstructural regions. Furthermore, recently developed recombination detection programs are able to handle large numbers of sequences and have become efficient tools to predict recombination events in a large set of viral genomic sequences. In this study, based on the analysis of 51 complete genome sequences of strains cocirculating in Thailand, we report a homologous recombination event between ThNH62/93 and ThD2_0284_90 strains that resulted in the ThNH63/93 dengue virus type 2 (DENV-2) strain. Bootscanning and phylogenetic tree analyses further identified the evolutionary change between recombination and nonrecombination regions. Our report describes for the first time an intraserotype recombination between DENV-2 strains within the nonstructural gene region.
Materials and Methods
A retrospective study was performed to detect dengue virus recombination. Excluding sequences that had been previously shown to be recombinants, a total of 51 complete dengue viral sequences (10 strains of DENV-1, 29 of DENV-2, 6 of DENV-3 and 6 of DENV-4) were collected from the NCBI GenBank database. These viruses cocirculated in Thailand during 1974-2001. The CLUSTALW program [16] was used to generate the alignment file among these dengue strains. The MEGA software [17] was used to calculate pairwise distances and to construct phylogenetic trees. A total of 1,000 bootstrap replicates for each sequence were made to support the tree topology.
The nucleotide alignment file produced was further analyzed by the Recombination Detection Program (RDP) to detect the presence of recombination events [18] . RDP was designed for the detection and analysis of recombination among a set of aligned nucleotide sequences. The DENV-2 nucleotide sequences of strains ThNH63/93 (AF169684), ThNH62/93 (AF169683) and ThD2_0284_90 (DQ181801) were compared with strains of DENV-1, DENV-3 and DENV-4. The D2_0284_90 stain was isolated in 1990 from a secondarily infected dengue fever patient in Thailand. ThNH63/93 and ThNH62/93 were isolated concurrently from a DHF epidemic event in Thailand in 1993 [19] . Phylogenetic analysis based on complete genome sequences was performed using the MEGA software neighbor-joining algorithm with the maximum composite likelihood model. The bootstrap method with 1,000 replications was used to estimate the reliability of the phylogenetic tree. Figure 2 shows that the strain ThNH63/93 is an evolutionary product of a recombination event between strains ThNH62/93 and ThD2_0284_90. The 5 and 3 ends of the ThNH63/93 genome were inherited from ThNH62/93, and the internal fragment located in the NS5 nonstructural gene region was inherited from ThD2_0284_90. The highlighted block in figure 2 illustrates the recombination event. The pairwise identity between ThNH63/93 and ThNH62/93 is relatively high upstream and downstream of the recombinant region. ThNH62/93 and ThD2_0284_90 were identified as major and minor parental strains, respectively. The recombination site was localized at a region between positions 7967 ( 8 36 nt) and 8283 ( 8 36 nt) with a p value less than 0.001.
Results
Our results concerning the recombination event were further supported by bootstrapping analysis ( fig. 3 ) . Within the recombinant region, the strain ThNH63/93 clustered with the strain ThD2_0284_90 with a high bootstrap support value. On the other hand, within both the upstream and downstream regions, ThNH63/93 clustered with ThNH62/93 with a high bootstrap support value. Phylogenetic analysis also revealed the same recombination event in the NS5 nonstructural region ( fig. 4 ) . Phylogenetic trees constructed from the upstream and downstream regions have a very similar tree structure in which the ThNH63/93 and ThNH62/93 strains are grouped on the same branch ( fig. 4 a, c) . On the other hand, the recombination region has a completely different topology, with ThNH63/93 grouped to ThD2_0284_90 instead of ThNH62/93 ( fig. 4 b) .
Discussion
RNA-RNA recombination was first reported in poliovirus in the 1960s. Since then, recombination has been found in a number of RNA viruses, including picornavirus, coronavirus, alphavirus and various plant viruses [13, 20, 21] . Thus, recombination is now being recognized as a general phenomenon that could take place in most RNA viruses. With regard to dengue virus, several intraserotype homologous recombination events have been detected. Figure 1 lists homologous recombination regions that have been detected so far. As can be seen, those regions lie in the structural gene regions (C, prM/M and E genes) [4, 15] .
In principle, homologous recombination can occur in any region of a genome. This hypothesis has been partially confirmed in poliovirus, as crossovers have been detected in the entire genome of this virus with the exception of the regions encoding the capsid proteins VP1 and VP3 [20] . Here we report for the first time recombination in the nonstructural gene region encoding the NS5 protein in dengue virus. Based on our analysis, the strain ThNH63/93 is the evolutionary product of a recombination event between strains ThNH62/93 and ThD2_0284_90. From the perspective of cocirculation and concurrent distribution of the parental and the recombinant viruses, we should note that ThD2_0284_90 and ThNH62/93 were both isolated in Thailand in 1990 and in 1993, respectively [18, 19] . Because the daughter strain ThNH63/93 was isolated concurrently with its parental strain ThNH62/93 from the same epidemic event [19] , there is a high probability that this recombination event may have happened in a natural environment. Pairwise identity is the average pairwise sequence identity within a 36-nt sliding window that is moved 1 nucleotide at a time along information-rich subsequences. In the twilight zone, the pairwise identity values seem too low ( fig. 2 ) ; however, the reason for this is that the pairwise identity relates to the information-rich subsequences and not the original sequences.
Because the amino acid sequence is more conserved in the nonstructural gene region (72.8%) than in the structural gene region (68.2%) between different serotypes of dengue virus, and considering the characteristic of rapid genetic change of an RNA virus, our finding of homologous recombination in the nonstructural gene region suggests the theoretical possibility of an interserotype recombination among dengue strains. An example of a recombinant virus generated from 3 serotypes of poliovirus vaccine strains as a result of 2 crossovers has been reported [21] . Taken together with the fact that secondary infections with different serotypes of dengue strains have regularly been reported [22] , live flavivirus vaccines should be employed with caution to minimize the risk of intraand interserotype recombination between vaccine strains and wild-type virus [11] .
Viral recombination has major implications for virus evolution, pathogenicity, vaccine safety, vaccine efficiency and diagnosis. Based on genomic analyses using partial [4, 23] or complete genomic sequences [24] , recombination has been shown to play a major role in shaping the genetic diversity of dengue viruses. Because the identification of recombination requires a long recombinant region for phylogenetic analysis, it is important to collect full-length genomic data from various geographical origins. The rising prevalence of dengue virus and the mixing of host and vector populations make the identification of possible recombination events in dengue virus a very important task. Future epidemiologic and clinical trials are needed to examine the role of recombination in dengue virus evolution.
